In this study, biogas production from co-digestion of pig dung, water hyacinth, and poultry droppings was investigated. 500 ml bio-digesters were connected in series and water displacement method was used to estimate the amount of biogas produced. The ratio of the percentage weight distribution of pig dung to water hyacinth to poultry dropping was varied as: (0:40:60), (30:40:30), (15:40:45), (45:40:15), and (60:40:0) in digesters A1, B2, C3, D4 and E5, respectively. The highest biogas cumulative yield of 307 cm 3 CH 4 /g was obtained in Digester C3. The gas chromatography analysis showed 22.50 wt% (CO 2 ), 64.92 wt% (CH 4 ) and 4.83 wt% (N 2 ) which implied that the biogas produced can be used for cooking and heating of homes in rural and urban communities.
Introduction
Energy is one of the most important factors to global prosperity in which its importance cannot be over emphasized ranging for domestic and industrial purposes. Also the gradual depletion in petroleum products on earth surface and depletion of ozone layer caused by greenhouse gas emission from fossil fuel usage has necessitated search for a more environmentally friendly alternative source of energy [22] . The challenge of the present world is to harness the various energy sources which are environmentally friendly and ecologically balanced to the environment. In view of these, many researches have done on various sources of renewable energy and one of them is the use of animal dung for biogas production.
In Nigeria, about 1.4 million kilogram of cattle, 6.40 million kilogram of poultry and 5.2 million kilogram of piggery manures are produced per day [12] , and these wastes pose a great threat to human and constitutes environmental problem if not properly managed. Animal manure contains high concentrations of nitrogen (N) and phosphorus (P) which are potential substrate for biogas production [1] . Studies have been carried on the use animal dungs for the production of biogas, e.g. Anozie et al. [4] on cow dung, and Owamah et al. [23] and Alfa et al. [2] on poultry droppings. However, none of these reports focused on co-digestion of different dropping of animal manure for the production of biogas.
Water hyacinth (Eichhornia crassipes) is a common aquatic weed in many water bodies in Nigeria particularly in the Niger Delta. This plant covers large areas of the water bodies, thereby reducing the water utilization potential. It is a free-floating aquatic plant, which grows up to 1 m in height and has thick, waxy, rounded glossy leaves, which rise above the water surface on stalks, Water hyacinth has been ranked as one of the world's worse weed problems with about 3,225,000 tons/for the region/year [10] . Analysis has shown that water hyacinth is composed mainly of K 2 O with 28.64 wt%, the compositions of CaO and SiO 2 are 20.025 and 17.26 wt%, respectively, which can help in the biodegradation of biomass and thereby promote the production of gas.
Co-digestion of cow dung, poultry dropping, pig dung or other feed stocks that is low in carbon content can enhance the stability of the process and boost methane generation [21] . Advantages of co-digestion include better digestibility, enhanced increase in biogas production/methane yield arising from availability of additional nutrients, as well as a more efficient utilization of equipment and cost sharing [19, 24] .
Lignocellulosic materials are characterized as carbonrich, poor in buffering capacity and deficient in nutrients [18] . Mono-digestion of lignocellulosic materials often results in a slow process and low methane yield [27] . This limitation can be overcome using co-substrates, such as animal manure, that can be used together with lignocellulosic biomass to supplement it with macro-and micronutrients and buffering capacity [18] . For instance, codigestion has been investigated for wheat straw with dairy and chicken manure [30] , rice straw with kitchen waste and pig manure [32] and oat straw with cattle manure [15] . These studies report higher methane yields (approximately 200-400 mL/g VS) compared with when using straw alone (~ 120-200 mL/g VS), as a consequence of the higher energy content of the co-digestion materials and their complementary properties. However, there is little or no work that has been carried out on the co-digestion of pig dropping, poultry dropping and water hyacinth in the literature to the best of our knowledge.
This work is aimed at anaerobically co-digestion of pig dung, water hyacinth, and poultry dropping for the generation of biogas and developing the right ratio of pig dung and poultry dropping that can be co-digested to attain a maximum biogas generation while keeping the water hyacinth ratio constant.
Materials and methods

Materials
Pig droppings and poultry droppings were obtained from piggery and poultry farms, respectively, in Uti, Effurun while water hyacinth was sourced from a river in Orhere community, Delta State. The substrates were sun dried to remove moisture and later blended to form fine particles from which slurry was produced [4] .
Sample preparation and experimental procedure
Buchner flasks were used as digesters. Five different set ups were done in replicates. Each setup consisted of two Buchner flasks (500 ml) and conical flasks which were connected in series with rubber tube. The first flask contained the slurry while the second flask contained acidified water brine of pH 6.5. The biogas produced in the digester passed through the connecting tube to the Buchner flask containing the brine solution. The pressure of the biogas produced in the first flask caused a displacement of brine which is dropped in the conical flask. The amount of water displaced was then measured as the quantity of biogas produced in each digester.
To prevent the dissolution of biogas into water, an acidified brine solution was prepared and used to measure the yield of biogas by displacement of water. Acidified solution was prepared by the method of [13] . 4 g of sodium chloride was dissolved in distilled water until formation of a supersaturated solution and further 4-5 drops of concentrated tetraoxosulfate (V1) acid were added to lower the pH [6] . The experiments were carried out at ambient temperatures. 9.09% total solid concentration is used in each digester. Digester A1 comprised poultry dropping, water hyacinth, and distilled water, which were mixed together in the ratio 15 g (60%):10 g (40%):250 g, respectively. Digester B2 was made up of pig dung, poultry dropping, water hyacinth, and distilled water which were mixed in the ratio 7.5 g (30%): 7.5 g (30%): 10 g (40%): 250 g, respectively. Digester C3 which consists of pig dung, poultry dropping, water hyacinth, and distilled water, this was mixed in the ratio 3.75 g (15%): 11.25 g (45%):10 g (40%): 250 g, respectively. Digester D4 was made up of pig dung, poultry dropping, water hyacinth, and distilled water and mixed in the ratio of 11.25 g (45%): 3.75 g (15%): 10 g (40%): 250 g, respectively. Digesters E5 consists of pig dung, water hyacinth, and distilled water mixed in the ratio 15 g (60%):10 g (40%): 250 g, respectively.
Analytical methods
The standard method of ASTM [3] was used to determine the pH of the substrates. Energy production was determined using the APHA [5] . Carbon and nitrogen present in the substrates were determined using the standard method of Ramansu [25] . The power generation from anaerobic codigestion of pig dung and poultry dropping was determined by dividing the overall energy production (J) by the overall time of fermentation (h).
Results and discussion
Elemental components and characterization of substrates
The characterization analysis and elemental composition of poultry, water hyacinth, and pig materials used during anaerobic co-digestion process for production of biogas are described in Tables 1 and 2 , respectively. The presence of nitrogen in substrates shown in Table 1 provides an essential element for the synthesis of amino acids and is converted to ammonia which helps to neutralize the volatile acids produced by fermentation bacteria, thus providing suitable pH conditions for digestion [8] . Also high biogas yield needs efficient and suitable supply of other nutrient for growth and microorganisms supply in the anaerobic digester. The presence of other macronutrients elements (C, H, O and S) present in the substrate used will help adequate microbial growth. More balanced macronutrients in anaerobic codigestion processes have been reported to increase buffering capacity and are sufficient to maintain a stable digestion process [31] . It had been reported that the presence of trace elements such as, Si, Ti, Fe, Mn, S ( Table 2) is required for the proper functioning of many enzymes and co-enzymes for anaerobic digestion [7, 9, 20] and these were present in the substrate used for the biogas production. The presence of sodium ions in poultry droppings which is lacking in pig dung suggests a good pH homeostasis in the anaerobic codigestion process. pH stability of the poultry droppings confirms the better performance and reaction under co-digestion process [14] . The presence of iron element in both substrates used suggests these materials to be suitable for biogas synthesis since iron is needed in methanogenesis by almost all the metalloenzymes involved in the pathway of methanogenesis [11] . Majority of the methanogenic enzymes function optimally only at high concentration of K + ions [29] . The existence of potassium ions in pig dung, water hyacinth, and poultry droppings suggests that methanogenic bacteria required for methane generation will be capable of surviving various stresses of environment which they may be exposed to. The inorganic sulfate compound (SO 4 2− , SO 3 − ) present in these substrates serves as the foremost sulfur by microorganism for fermentation process during anaerobic digestion. Figure 2 shows the spectra of water hyacinth, the broadband with frequency (3339.7/cm) exhibited RO-H (alcohol) wide rounded band which depicts the presence of alcohol. The broadband frequency of 1636.3/ cm reveals the presence of (C=O) huge bend. The highest peak with frequency 2102.2/cm suggests that (C≡ C) is the main functional group in the water hyacinth; this revealed that the tripled bond could be broken down when acted upon by organism for forming methane. Figure 3 shows the FTIR spectra of pig dung; the broadband with frequency (3291.2/cm) exhibits RO-H (alcohol). The broadband (2851.4-2922.2/cm) depicts the major functional group SP 3 , (C-H) the tallest C-H band. (C=C) alkenyl stretch is exhibited at frequency of broadband (1636.3/cm). The broadband frequency of 1461.1/cm reveals the presence of methylene C=H bend which has high potential for biogas production. Figure 4 shows the cumulative biogas produced in digesters A1, B2, C3, D4, and E5, respectively, during 52 days of anaerobic co-digestion of these substrates. There was no production in all the five digesters for the first 4 days of fermentation this period. The inoculum was at lag phase in which enzymes were adapting to the environment that was attributed to the non-activity during the first 4 days. Production started in digesters B2, C3, D4, and E5 on the 8th day of fermentation while that of digester A1 started production on the 16th day of digestion. The biogas production increases with fermentation time till 40 days, which is in line with Li et al. [16] . The highest production of biogas in all the digesters was observed at 52 days (307 ± 1.11 cm 3 CH 4 /g) ( Table 3) after which there was reduction in the biogas production which is in line with [17] . This reduction in volume can result from insufficient or lack of soluble organic substances in the fermented slurry that enhances methanogenesis formation during biogas generation. It was also observed that Digester C3 produced highest volume of biogas; this could be the result of high concentration of poultry dropping in the slurry. Table 4 shows gas chromatography (GC) analysis of biogas generated in digester C3 which has 64.92 wt% of CH 4 ; this implies that the biogas produced is combustible having more than 50% of the total gas composition [11] .
Fourier transform infra-red analysis
Cumulative biogas produced
Energy production from co-digestion of pig dropping, poultry dropping and water hyacinth
The energy production from anaerobically co-digestion of water hyacinth, poultry droppings, and pig dung for all the digesters is shown in Table 5 . The energy production from methane was calculated by multiplying the total methane yield (mL CH4)/kg-VS) with the relative density of methane (0.72 mg CH4/mL-CH4) and the heating value of methane (55.6 J/mg-CH4) [26, 28] . The energy productions were 8.77, 10.2, 12.29, 7.33, and 3.00 kJ/g-VS added for digesters A1, B2, C3, D4, and E5, respectively. The results indicated that digester C3 yielded the highest production of energy from these biomass, while digester E5 showed the energy production which might be due to high proportion of hemicellulose present in pig dung making it hard for these microorganisms to digest during fermentation process. The power generation in (watt) of each digester was calculated by dividing the overall energy production (J) by the overall fermentation time (h). Therefore, power generation for digesters A1, B2, C3, D4, and E5 in 52 days of fermentation was 7.02, 8.18, 9.85, 5 .87, and 2.41 watts, respectively.
Conclusion
The co-digestion of 0.15 mass ratio of pig dropping, 0.45 mass ratio of poultry dropping, and 0.4 mass ratio of water hyacinth produced 307 cm 3 CH4/g-VS added /day yield of biogas in cumulated at the end of 52 days retention time. 64.92 wt% is the CH 4 content obtained in digester 3 that produced the maximum biogas. The presence of primary amine C-N, alkenes groups, alkenyl group, and saturated hydrocarbons in water hyacinth, poultry, and pig droppings as seen in the FTIR analysis makes these materials good substrates for methane production. The overall digester performances are as follows: C3 > B2 > A1 > D4 > E5. Low values of C/N and volatile solid (VS) present in poultry dropping enable it to perform better in biogas production compared to pig dropping, and water hyacinth. 12.29 kJ/g-VS added value was the maximum energy produced seen in Digester C3 while 9.85 watts is the highest power generated during 52 days of fermentation process in comparison to other digesters. Biogas production can be attributed to methanogens growth due to the presence of metal ions such as potassium cations, molybdate and phosphate anions, silica, iron, zinc, calcium, sodium, and magnesium present in these substrates as examined under the X-ray fluorescence. Compliance with ethical standards 
